The energy conservation achieved by utilizing waste heat in the energy and industrial sectors has became more and more important after the energy crisis in the 1970s because it plays a vital role in the potential energy-efficiency improvement. In this regard, cogeneration (combined heat and power, CHP) systems are thus becoming attractive due to the energy, economic, and environmental policies for pursuing stable electricity supply, sustainable development and environmental pollution mitigation in Taiwan. The objective of this paper is to present an updated analysis of CHP systems in Taiwan during the period from 1990 to 2010. The description in the paper is thus based on an analysis of electricity supply/consumption and its sources from CHP systems during the past two decades, and centered on two important regulations in compliance with CHP systems (i.e., Energy Management Law and Environmental Impact Assessment Act). Based on the total net power generation from CHP systems (i.e., 35,626 GWh) in 2011, it was found that the carbon dioxide reduction benefits were estimated to be around 20,000 Gg.
Introduction
Taiwan is a small and densely populated island country (land area: 36,000 km 2 ; population: 23 million) in the Far East (Asia) with limited natural resources. In the past two decades, the rapid industrialization and economic development have caused a high dependence on imported energy, which increased from 95.84% in 1990 to 99.39% in 2010 [1] . Meanwhile, an increase in the total carbon dioxide (CO 2 occurred in parallel with the energy supply [2] , 145.6 million kiloliters of oil equivalent (KLOE; 1 KLOE = 3.77 × 10 10 J) in 2010 in contrast to 58.7 million KLOE in 1990. As a result, the Executive Yuan of Taiwan adopted several regulatory and financial measures in the past two decades to encourage energy saving and renewable energy development. In this regard, the Taiwan government approved "Framework of Taiwan's Sustainable Energy Policy" in 2008 to pursue the following targets [3] : ■ Improving energy efficiency by more than 2% per annum, so that energy intensity will decrease 20% by 2015 when compared with the level in 2005; ■ Reducing nationwide CO 2 emissions by developing clean energy, so that total emissions could return to its 2008 level between 2016 and 2020, and further reduced to the 2000 level in 2025.
The energy utilization of waste heat from energy-intensive process industries (such as steel, paper, chemicals, petroleum, glass, and cement) and publicly-serviced utilities (especially in municipal solid waste incineration plants) has received much attention after the energy crisis in the 1970s because it plays a vital role in the energy-efficiency improvement potential. Combined heat and power (CHP), also known as cogeneration, is the simultaneous production of electricity and heat in one single process for dual output streams so as to greatly increase the process efficiency and decrease energy costs [4] . Also, CHP systems can avoid transmission losses in the delivery of electricity (power grid) from the central station power plant, thus decreasing the impact of outages and improving power quality for sensitive equipment. In addition to the energy saving and cost saving, the benefits of CHP system are mainly from lower air pollutants emissions to the atmospheric environment, thus reducing the greenhouse gases (i.e., CO 2 , CH 4 and N 2 O) and air toxics (i.e., SO x , NO x and Hg) emissions, which contribute to global warming and air quality, respectively.
A previous paper [5] , only focused on comprehensive descriptions of the electricity supply and consumption during the period of 1984-2004 and governmental regulations for promoting industrial waste (i.e., pulp sludge, scrap wood, sugarcane bagasse, textile sludge, and scrap plastics) as energy sources, and centered on preliminary benefit analysis in the greenhouse gases reduction as a result of CHP system. In this study, the open-access documents officially published by the Taiwan central government were used to provide the updated and analytical information about the energy utilization of using CHP system in the past two decades . The main subjects of this paper covered the following key elements:
■ Current status of electricity supply and consumption; ■ Current status of electricity from CHP system; ■ Regulatory compliance with CHP system; ■ Preliminary benefit analysis from CHP system.
Current Status of Electricity Supply and Consumption
It is well known that a stable electricity supply plays a core role in the economic development and level of living. Prior to the mid-1990s, the Taiwan Power Company (Taipower, abbreviated to TPC), which is one of the government-owned enterprises, was entrusted with development, generation, supply, transmission/distribution, and marketing of electric power in the Taiwan area. Under the government policy on deregulation of the electric power sector and the energy saving in consideration of economic and environmental benefits, privately industrial plants from the energy-intensive industries (e.g., steel, paper and pulp, petrochemical and cement manufacturing) and public service utilities (e.g., municipal solid waste incineration plants) have been encouraged to install CHP systems and to sell their surplus electricity to Taipower for its own distribution. In order to maintain a stable electricity supply, the central competent authority (i.e., Ministry of Economic Affairs, MOEA) has further promoted the opening of the electric power market to Independent Power plants (IPP) in four stages during the years of 1995-2006.
As seen in Figure 1 [1], reliance on Taipower's electricity supply based on installed capacity was on the decreasing trend due to the nation's energy policy on efforts to diversify electric power sources. On the other hand, however, the reliances on IPP and CHP systems were on the increasing trend. With respect to the electricity supply (production) and consumption in the past two decades (1990-2010), some notable points were further addressed as follows [1] : 
Current Status of Electricity Production in CHP Systems
The energy intensity or energy use intensity is usually defined as a measurement of the energy efficiency in producing a given level of output or activity. In this regard, CHP systems are thus becoming attractive in the energy and industrial sectors of Taiwan. As shown in Figure 2 , there has been a distinct improvement in energy intensity since 2001, from 10.13 LOE per thousand NT dollars (based on 2006 constant prices) in 2001, and then reducing to 8.22 LOE per thousand NT dollars in 2011 [1] . The percentage of the average improvement is about 3.0%. Under the authorization of the Energy Management Law, the main strategies include: implementing an energy auditing and guidance system for large energy users, and promoting voluntary energy-conservation programs by the targeted energy users. To promote CHP system for the purpose of upgrading efficient utilization of energy in the process industries, the central competent authority implemented a compliance regulation ("Measures for Implementing the Cogeneration System") on July 15, 1988. Thereafter, total installed capacity of CHP systems was on an increasing trend as seen in Figure 2 [6] . By the early of 2012, all CHP systems in the Taiwan area were listed in Table 1 [6] . Some important features in Table 1 and Figure 3 are pointed out as follows:
■ Total number of cogeneration systems was 93, of which 29 were from public services (including 24 municipal solid waste incineration plants and five sanitary landfills), 11 were from petrochemical plants, 10 were from paper and pulp plants, nine were from synthetic fiber plants, eight were from food plants (including four sugar refineries, which utilize their agrowaste bagasses as auxiliary fuel for generating steam and electricity), six were from plastics plants, and 20 were other plants; ■ Total installed capacity of CHP systems amounted to 7,612 MW, of which 3,303 MW (43.4%) from petrochemical plants, 880 MW (11.6%) from plastics plants, 792 MW (10.4%) were from synthetic fiber plants, 633 MW (8.3%) were from public services, 629 MW (8.3%) were from iron and steel plant, 529 MW (6.9%) were oil and oil refining plants, and 847 MW (11.1%) were from other plants; ■ In the past two decades (1990-2010), annually average growth of total installed capacity from CHP systems was about 11.34% according to the data in Figure 3 . Obviously, the annual growth rate was larger than that (i.e., 5.17%) of total electricity supply at the same period as described above. Furthermore, a preliminary comparison of the installed capacity statistics of CHP of Japan and Korea was addressed to reflect seriously on the energy saving management in the neighboring countries. By the end of 2009, total installed capacity of CHP systems in Japan amounted to about 9,200 MW, of which 7,300 MW (79%) was from the industrial sector, and 1,900 MW (22%) from the commercial and residential sectors. The former mainly includes chemical, machinery and steel industries. The latter was mostly used by hospitals, hotels, buildings and gymnasiums. In recent years, the CHP in Japan has been promoted to adopt low-carbon technologies like gas-fired and fuel cell systems. By contrast, total installed capacity of CHP systems in Korea totaled around 6,000 MW in 2007. This country is making CHP more efficient by using district heating and cooling (DHC) in the industrial sector, and more climate-friendly by fuel cell system in the commercial and residential sectors.
Regulatory Compliance with CHP Systems
According to the national energy statistics by the central competent authority [1] , the total energy consumption in 2010 amounted to about 120.31 million KLOE, of which 60.78% was used in the energy and industrial sectors. As mentioned above, CHP systems are the simultaneous production of electricity and heat in one single process for dual output streams so as to maximize its thermal efficiency of up to 80%. However, about 45% of the energy potential contained in the fed fuel can be converted into electricity in the conventional power system. In order to improve the performance efficiency in the industrial and energy sectors of Taiwan, there are two important regulations in compliance with CHP systems: Energy Management Law and Environmental Impact Assessment Act.
Energy Management Law
In response to the energy crisis in the 1970s, the Taiwanese government first promulgated the Energy Management Law (EML) in August 1980, which was recently revised on 8 July 2009. The principal purpose of the Law is to aim at rational and efficient utilization of energy, including fuels and waste. According to the newly revised EML, important features concerning the aspects of CHP systems are stipulated in Article 10, which was summarized as follows: ■ The energy user, which generates the amount of steam set up by the central competent authority, should install the cogeneration system. As a result, the referred energy users include industrial (electronics, chemicals, steel, textile, paper and pulp, cement, food, and refinery), energy (fired power and cogeneration), waste management (i.e., waste incineration) and other non-manufacturing plants; ■ The energy user, which meets the levels of effective thermal ratios and total thermal efficiencies set up by the central competent authority in its CHP system, may ask the local vertical integrated utilities (e.g., Taipower) to purchase its excess electricity and supply backup electricity needed for its system maintenance or at the time of system breakdown; ■ The central authority shall stipulate an implementation regulation regarding the rates for the purchase of excess electricity, the levels and verification of effective thermal ratios and total thermal efficiencies, the tie-in between the systems of the energy user and the vertical integrated utilities, the method of purchasing electrical energy, the rates for electricity and backup electricity purchased, and the duration of the obligation to purchase excess electricity by the vertical integrated utilities. In this regard, the current feed-in tariff price for purchasing surplus cogeneration electricity is connected with the electricity selling price of Taipower, which takes into account the power generation cost or power supply capacity for semi-peak hour in the promulgated the regulation (i.e., "Measures for Implementing the Cogeneration system", described later). The regulatory measure will indirectly make the feed-in tariff price of excess cogeneration electricity more reasonable.
Under the authorization of the Law, the Ministry of Economic Affairs (MOEA) has promulgated the relevant regulation (i.e., "Measures for Implementing the Cogeneration system") since September 2002. According to the Provision 5 of the regulation, a qualified CHP system is defined as referring to the registered energy user and its levels of effective thermal ratio [= effective heat output ÷ (effective heat output + effective electricity output)] ≥ 20% and total thermal efficiency [= (effective heat output + effective electricity output) ÷ heating value of fuel)] ≥ 52%, or the registered system specified in treating wastes. Also, the registered energy user should establish its own energy audit system (e.g., installing electricity meter to record daily electricity usage, reporting the monthly statistics to the central competent authority, performing the energy management by an qualified and registered personnel) in conjunction with objectives for energy conservation and the implementing plan which shall be carried out upon approval by the central competent authority. In 2009, the central competent authority selected 14 qualified power plants with CHP systems to carry out inspection and guidance for their total thermal ratios and effective thermal efficiencies [7] . With regard to efficiency inspection, eight CHP plants that completed the inspection were qualified under Article 5 of the Regulation, with the total thermal efficiency of 54% and effective thermal ratio of 50%.
Environmental Impact Assessment Act
The preventative approaches towards environmental protection and pollution prevention started in the end of 1980s in Taiwan. As a consequence, the introduction of environmental impact assessment (EIA) could significantly strengthen the prevention and mitigation of adverse impacts at the early stage of development activities. Article 5 of Environmental Impact Assessment Act (EIAA), first promulgated in December 1994 and recently revised in January 2003, authorizes the central competent authority to conduct EIA for the development activities that are likely to cause adverse impacts on the environment. Further, the resulting regulations (i.e., "Working Guidelines for Environmental Impact Assessment of Development Activities" and "Standards for Determining Specific Items and Scope of Environmental Impact Assessment for Developing Activities") promulgated by the central authority under the authorization of EIAA requires those prescribed development activities that EIA shall be conducted, and shall install CHP system to increase the energy use efficiency and provide the thermal energy in the industrial parks if it is feasible. For example, the EIA shall be conducted for the CHP systems of thermal power plants, which are located in land for non-city use and the use of gas fuel over 200,000 kW (power capacity), or oil, coal and other fuels over 100,000 kW (power capacity). However, the installed capacity of a multiple cycle generating unit with no added auxiliary fuel can be increased 1.5 times.
Comparing the data in Table 2 , the installed CHP system capacity in 2000 was significantly larger than with that in 1995, implying that the regulatory policies discussed should have an important impact on the decision to install CHP system in the industrial sector. More importantly, this progress, thereby having a significant effect on decentralization of electricity power sources and optimization of power supply reliability, should be also due to the economic incentive measures including subsidiary grant/grant, feed-in tariff, tax relief and low-interest loan, etc.
Preliminary Benefit Analysis from CHP Systems
Concerning the benefits of mitigating greenhouse gases (GHG) emissions to the environment, a simple method (Tier 1 method) adopted by the Intergovernmental Panel on Climate Change (IPCC) was used to estimate equivalent CO 2 emissions mitigation from the CHP systems for electricity generation (assumed in the present work) [8] . The IPCC methodology is based on the net quantities of electricity generated and average default emission factor (DEF). Therefore, the equivalent mitigations of CO 2 emissions from the CHP systems for electricity generation in comparison with GHG emissions from the fossil fuel-fired power plant can be calculated by multiplying levels of CHP activity (power generation in kWh) with DEF (kg CO 2 /kWh). Based on the statistical weighting calculation by the state-owned company in Taiwan (Taipower Co.), the default value in terms of the equivalent amount of CO 2 produced per kWh is about 0.54 kg CO 2 /kWh. Using the reported data on total net power generation of about 35,626 GWh in 2011 from the CHP systems [1] , the equivalent mitigation of CO 2 (Gg) from the CHP systems for electricity generation was thus calculated as given below: Equivalent mitigation of CO 2 (Gg) = 0.56 kg/kWh × 35,626 GWh × 10 6 kWh/GWh × 10
Gg/kg ≈ 20,000 Gg.
Conclusions
In Taiwan, the basic principle of a sustainable energy policy is to establish a high efficiency, high value-added, low emission, and low dependency energy consumption and supply system. In this regard, CHP systems have been promoted through a regulatory framework under the Energy Management Law in the past two decades. In 2011, total installed CHP system capacity amounted to about 8,000 MW. Also, total net power generation is about 35,626 GWh from the CHP systems during the same period. As a result, the quantitative benefit from electricity supply by all installed CHP systems was preliminarily calculated to be around 20,000 Gg/year. To encourage the investment in CHP systems as an energy-efficiency improvement and a measure for the reduction of greenhouse gases emissions, and also achieve the government goal (i.e., total installed capacity reached 1,000 MW) in 2020, the Renewable Energy Development Act, which has been passed in June 2009, will further promote the combustible biomass residues to co-combust with fossil fuels in the process industries and thermal power plants with CHP systems. This is due to the fact that the surplus electricity shall be sold to the state-owned company (Taipower) at an officially designated rate.
